The U3 snoRNA is an exceptional box C/D snoRNA, which is involved in pre-rRNA processing without directing chemical modifications. We report here on a comprehensive computational survey resulting in U3 sequences for more than 90 additional eukaryotes. This extended data basis is used to improve the secondary structure models. The detailed investigation of the structural variation of U3 snoRNAs turns out to be much more extensive than previously thought. Many fungal U3 genes, in addition, contain introns. U3 promoters are snRNA-like but show substantial variations even between related species.
Introduction
The U3 snoRNA is an exceptional member of the box C/D subclass of small nucleolar RNAs. It is much longer than typical box C/D snoRNAs and does not direct chemical modifications. Instead, it acts as an RNA-chaperone mediating structural changes of the pre-rRNA to establish the correct conformation endonuclease cleavage (1) . Together with two other snoRNAs, mammalian U8 and U13 (2) , it shares some features with snRNAs. For instance, human U3 snoRNA, has a hypermethylated 2,2,7-trimethylguanosine (TMG) cap at their 5' end (3) . U3 snoRNAs are processed from primary transcripts with a rather particular promoter, which may represent the fusion of two promoter systems: Homo1 D-box and TATA-box (4) . In the first stage, the 3'-extended precursor is arranged with a mono-methylated cap, which is then trimmed at the 3' end. In several fungal species, e.g. Saccharomyces cerevisae and Hansenula wingei (5; 6) this precursor is spliced. In the last step, the TMG cap is formed (7; 8) .
Across eukaryotes, the length of U3 varies by more than a factor of three from 143 nt in Trypanosoma to 442 nt in Candida glabrata. Its sequence is highly variEmail addresses: manja@bioinf.uni-leipzig.de (Manja Marz), studla@bioinf.uni-leipzig.de (Peter F. Stadler) able apart from several short highly conserved boxes denoted by A', A, C', B, C, and D, where C and D define the membership in box C/D class of snoRNAs. Due to their poor sequence conservation it is a non-trivial problem to establish the homology of snoRNAs over large evolutionary distances, e.g. between a mammalian and a yeast sequence.
The U3 snoRNA is highly structured and exhibits several conserved structural domains (9; 10; 11). Due to its pivotal function in rRNA maturation, the U3 snoRNAs is believed to be ubiquitously present in Eukaryotes. The latest release of Rfam, v.9.1, (12) reports 1778 sequences spanning 141 known species. We report here on a comprehensive search for homologous sequences in more than 230 eukaryotic genomes. Using this extended database, which covers most major clades, we construct refined secondary structure models and provide an overview of the variation of U3 structure.
Results

Homology search
Within the 242 genomes investigated in this study and in publicly available EST-databases, we found a total of 238 U3 snoRNA homologs. In particular, our search was successful in 91 of 101 metazoan U3 snoRNAs.
Negative results in several Lophotrochozoa and cnidarian genomes are probably caused by the incompleteness of these genome projects.
Among fungi, we found the U3 in 52 of the 53 Ascomycota. In contrast, among the other 16 fungal genomes, an unambiguous homolog was identified only in Phakospora pachyrhizi and Batrachochytrium dendrobatidis. For six additional Basidiomycota and the microporidian Anthospora locustae only tentative candidates were identified. These candidates exhibit the conserved boxes but have highly variable distances between the boxes, which might indicate insertion domains and/or additional introns.
Across Viridiplantae we found 19 U3 snoRNAs out of 28 available (partly partially finished) genomes. The only plant seed sequence, which was not recovered from the incomplete genomic data is that of Triticum aestivum X63065 (21) . We retrieved 12 additional sequences from EST databases. No plausible U3 sequence was identified in Prasinophyceae and Rhodophyta. In Heterokonta, we found a homolog in Hyaloperonospora parasitica in addition to the three known Phytophthora sequences.
Starting from the known Trypanosoma brucei sequence X57047 (22), we were able to identify U3 snoRNA in all available genomes of Kinetoplastida. Furthermore, we found U3 snoRNAs in all three available genomes of ciliates (Tetrahymena thermophila, Paramecium tetraurelia, Oxytricha trifallax). Within Apicomplexa we found all expected U3 snoRNAs except for the genus Paramecium.
Apart from the previously known U3 snoRNA of Dictyostelium discoideum V00190 (23) , no further unambiguous candidates were found in basal eukaryotes. Vague U3 candidates for Plasmodium and Toxoplasma gondii are listed in the supplement. All sequences are compiled in the supplementary material and are submitted to Rfam together with this contribution.
In the basal eukaryote Giardia an snRNA-like snoRNA (designated snRNA H (24) and GlsR1 (25) ) was found by small RNA cloning approaches. This sequence has been suspected to be a U3 snRNA homolog in earlier studies based on similarity to snRNAs and its binding capacity with fibrillarin (24; 26) . The alignment of this sequence with the U3 snoRNAs suggests that it is a true homolog because several sequence motifs beyond the snoRNA specific boxes C and D are recognizable. We do not consider these similarities to be a final conclusive proof, however.
Secondary Structure Alignments. Separate alignments of the U3 snoRNA sequences have been produced for Metazoans, Fungi, Plants and other Eukaryotes. These can be found in the supplementary material. Based on these data, secondary structure models were constructed and then combined in the consensus shown in Fig. 1 .
With the inclusion of the newly-detected sequences we find that U3 snoRNA structure are quite a bit more diverse than suggested by the Rfam seed alignment. This prompted us to propose a new numbering scheme for the helices, Fig. 1 . In particular, we observe several major deviations from the consensus structure:
(a) There are several major expansions. The platyhelminth Echinococcus multilocularis has expanded stem M8 from 15 nt (e.g.nematoda) to 91 nt. Candida glabrata even invented a new stem between M10 and M9 with a length of 49 nt.
(b) M7, which is specific to fungi, is shown as an unstructured region in the in the Rfam alignments. In Saccharomycotina and some Pezizomycotina (Sordariomycetes and Leotimycetes) this stem varies from 6 bp to 27 bp without any recognizable sequence conservation or conservation of the positions of loops and bulges. Since closely related species do not show conserved splice-donor and splice-acceptor motifs, we argue that M7 is indeed a part of the U3 snoRNA.
(c) The secondary structure notation of the Rfam alignment starts with stem M3, omitting the 5' end of the molecule, presumably in order to allow an alignment of vertebrate sequences with other U3 snoRNAs. Secondary structure prediction on vertebrate U3 sequences yields strong support for a large stem-loop structure including Box A' and A. However this model does not fit most other eukaryotes (invertebrate animals, fungi, and plants), where clear support for a two-hairpin motif is found. Here, Box A located in the loop of stem M1. The structure of stem M2 is almost perfectly conserved in structure. On the other hand non-vertebrates (including fungi and plants) show clear signals for two short hairpins, whereas box A appears in the loop region of M1. M2 is almost perfectly conserved in structure and for phylogenetically closely related organisms even in their sequence. In the case of invertebrates, binding energies are low, and the diversity of low energy structures computed by RNAsubopt points at a very flexible region.
(d) Kinetoplastids show drastically reduced U3 snoRNAs, which lack stem M2, as well as M6-M10. 2 (e) The additional sequence data allow a rather clear distinction between the stems M5, M6, and M8.
The Giardia lamblia snRNA H could correspond to a minimal U3 structure lacking all optional elements and exhibiting a strongly reducted 5' region.
Introns in U3 snoRNA genes
Introns in U3 snoRNA genes have been described in the literature for S. cerevisae (5) and H. wingei (6) . Over all, the introns in the U3 snoRNA genes are evolutionarily very flexible. For example, there are Kluyveromyces species with and without introns (30) . Therefore, we examined all fungi U3 snoRNAs for introns and found a surprising absence/presence pattern, Fig. 2 . For all Saccharomyces sp. we found an intron located as described previously at 14th nucleotide of U3 snoRNA, directly upstream of box A. For other Saccharomycotina we found no intron. For Sordariomycetes we found three genera with introns that are phylogenetically interspersed lineages without introns: Trichoderma reesei, Neurospora sp., and Magnaporthe grisea. Introns are also present in all eurotiomycetidae except Ascosphaera apis. In Uncinocarpus reesii and Coccidioides sp., the intron was located within the loop of M1 and thus within box A. In contrast, Histoplasma capsulatum and Paracoccidioides brasiliensis have the intron at the typical position, i.e., after the 14th nucleotide, just upstream of the A box. Stagonospora nodorum and Alternaria brassicicola might contain an intron at the 8th nucleotide (upstream of box A'), since there is a 5' and 3' splice site. Stem M1 can be formed with and without the the possible intron. Our data are insufficient to decide whether the U3 snoRNA in these to species is spliced or not.
Promoters of U3 snoRNAs
Metazoan U3 snoRNAs have snRNA-like promoters with a very well-conserved proximal sequence element (PSE). In several cases, there is also a canonical TATA-box, although most metazoans exhibit only a weak or no TATA-box. Closely related species may differ in this respects: For instance, Anopheles gambiae and Bombyx mori have no TATA-box, which is present in Apis mellifera. Both, a canonical PSE element and a TATA box can be found in higher plants and some fungi such as Schizosaccharomyces pombe. On the other hand, Chlamydomonas and Saccharomyces cerevisae lack both promoter elements. For further details we refer to the supplementary material.
Multiplicity of U3 snoRNA genes
Many genomes contain multiple copies of the U3 snoRNA. Fig. 3 summarizes the data, for which species with poor genome assemblies and unassembled shotgun traces not taken into account. While the U3 snoRNA is frequently a single-copy gene, metazoa tend to have a few copies. No obvious paralog groups are recognizable suggesting that multiple U3 copies are subject to concerted evolution.
Concluding Remarks
We have conducted a comprehensive survey of U3 snoRNAs. Our data confirm that U3 snoRNAs are (nearly) ubiquitously present in Eukaryota, although there are several basal lineages for which direct evidence is still missing. In particular, while the snRNA H of Giardia probably is a U3 homolog, there is not yet a conclusive proof for this assertion. Given the high variability of both sequence and secondary structure, we strongly suspect that our search methods were simply not sensitive enough to recognize U3 snoRNAs in very distant genomic sequences. Experimental verification of some of the highly derived candidate sequences would extend the seed set and help to construct more general descriptors. In several other cases, in particular many of the missing metazoa, the incompleteness of the currently available genomes is likely to blame for our failure to find a U3 homolog.
Secondary structure analysis shows a much larger structural variability than expected, with several lineage-specific expansion domains. This conforms to recent surveys of other ncRNA families (telomerase RNA, RNAse P and MRP, snRNAs, 7SK (31; 32; 20; 33) ). It seems that drastic structural variations are an intrinsic property of ncRNA evolution.
Materials & Methods
Homology search. We used available U3 snoRNAs listed in Rfam (v.9.1) as queries for homology based identification of novel U3 snoRNAs. We conducted iterative searches with a combination of Blast (13), Gotohscan (14) and rnabob (15) to retrieve candidates, which were then investigated for their secondary structures using various components of the Vienna RNA Package (16), in particular RNAfold, RNAsubopt, RNAduplex and RNAalifold. Searches were performed in the genomes of 101 metazoans, 69 fungi, 37 plants, and 35 other eukaryotes. Additionally, 17 putative U3 snoRNA sequences were obtained by a final search in NCBI-ESTs. 3
Alignments. Alignments were created by Locarnate (17), ClustalW (18), RNAalifold. Starting from these computational results, refined structure-annotated alignments were manually constructed using the Emacs editor in Ralee mode (19) .
Introns. Introns were recognised within a close phylogenetic range with a ClustalW alignment, otherwise by rnabob and RNAduplex. Canonical splice donors and acceptors were identified manually. For closely related species, that homology of the intronic sequence was in addition established by ClustalW.
Promoters. For promoter recognition 100 nt upstream of transcription initiation were cut, analyzed and compared with close related species as well as 100 nt upstream of polymerase III transcripts, such as RNase MRP, RNase P, snRNAs U6, U6atac and 7SK RNA and polymerase II transcripts, such as other snRNAs (U1, U2, U4, U5, U11, U12, U4atac) (20) . Table 1 : Summary of the homology-based survey. We list the number of genomes with at least one detected U3 snoRNA. Rfam-version 9.1 is used as reference. Since the Rfam alignments contain U3 sequences for which complete genomes are not publicly available, we list the intersection of the known sequences with the collection of genomes interrogated in this study (marked by a *). Abbreviations: Met-Metazoa; Pla -Plants; FunFungi; Oth -Other Eukaryotes 
